We perform spectroscopic measurements of electromagnetically induced transparency (EIT) in a strongly interacting Rydberg gas. We observe a significant spectral shift and attenuation of the transparency resonance due to the presence of interactions between Rydberg atoms. We characterize the attenuation as the result of an effective dephasing, and show that the shift and the dephasing rate increase versus atomic density, probe Rabi frequency, and principal quantum number of Rydberg states. Moreover, we find that the spectral shift is reduced if the size of a Gaussian atomic cloud is increased, and that the dephasing rate increases with the EIT pulse duration at large parameter regime. We simulate our experiment with a semi-analytical model, which yields results in good agreement with our experimental data.
I. INTRODUCTION
Atomic systems driven in the configuration of electromagnetically induced transparency involving a Rydberg state (Rydberg EIT) [1] are promising systems for the investigation of quantum nonlinear optics [2, 3] and quantum many-body physics [4] [5] [6] [7] with strong interactions and correlations. With Rydberg EIT, non-linearity at the single photon level has been demonstrated with the remarkable realizations of photon filters, deterministic single photon sources, and interaction between pairs of photons [8] [9] [10] , and also been utilized to implement single-photon transistors [11, 12] . Moreover, the recent demonstration of interaction enhanced absorption imaging (IEAI) [13, 14] confirms the great potential of Rydberg EIT for the study of many-body physics with Rydberg atoms.
In Rydberg EIT, highly correlated many-body atomic states arising from the interaction-induced blockade [15] [16] [17] [18] result in strong nonlinear optical response, and can be mapped onto the probe field propagating through the medium. Thus detailed studies on the spectral, temporal, and spatial properties of the transmitted probe light are crucial for proper understanding of such systems and their further applications in quantum optics, quantum information, and quantum many-body physics. Because of the large parameter space and complex dynamics of Rydberg EIT ensembles in the blockade regime, many questions remain open in spite of significant investigation efforts, both experimental [3, [19] [20] [21] [22] [23] [24] [25] and theoretical [21, [26] [27] [28] [29] [30] [31] [32] [33] . All of Rydberg EIT experiments in the blockade regime have observed the reduction of the EIT transparency at the probe resonance due to Rydberg blockade induced dissipation, also called photon blockade [34] . However, the spectral shift of the transparency resonance, as predicted by several theoretical models, has only been observed in two experiments [25, 35] , but remains elusive in others. Theoretical calculations, while succeeding to describe certain experimental observations, have yet converged to a comprehensive physical picture due to the challenges posted by strong correlation and dissipation in such systems.
In this article, we present a study of the Rydberg EIT spectra in presence of interaction and their dependence on atomic density, input probe light intensity, and principal quantum number of Rydberg states. We show that all the features of the spectra can be quantified phenomenologically via an effective shift and an effective dephasing rate in the optical Bloch equations describing the evolution of non interacting atoms driven under conditions of Rydberg EIT, as in reference [22] . Our experimental data are in good agreement with a semi-analytical model based on previous results obtained from the Monte Carlo rate equations approach [28] and the superatom model [27] . We find that the spectral shift is accurately accounted for by an average energy level shift due to the interaction between Rydberg atoms, while the effective dephasing rate mainly comes from the photon blockade effect and dephasing inherent to the dispersion of Rydberg energy level shifts. The dephasing rate increases with the EIT pulse duration at large parameter regime and deviates from the model because of the presence of additional dephasing mechanisms. Finally, we demonstrate that as the size of a Gaussian atomic cloud is increased, the measured spectral shift is reduced. This study provides important experimental evidences to advance the understanding on the spectral properties of Rydberg EIT.
II. EXPERIMENT
The experiment was performed with a 87 Rb atomic cloud released from a horizontally positioned single-beam optical dipole trap (ODT), which was formed by a 1064 nm laser beam with a power of 3.1 W and a 1/e 2 Gaussian radius of 42.6 µm. Atoms were loaded into the ODT The probe and coupling beams counter-propagate coaxially along the z direction in the σ + -σ − polarization configuration. While the probe beam has a collimated 1/e 2 Gaussian radius of 3.45 mm, the coupling beam is focused at the center of the atomic cloud with a 1/e 2 Gaussian radius of 50 µm and a peak Rabi frequency of Ωc0. The transparent spot in the shadow of the atomic cloud on the EMCCD (electronmultiplying charge-coupled device) camera screen illustrates the transparency window opened by the coupling beam for the probe beam to pass through. from a molasses cooled atomic ensemble, the preparation of which was detailed in Ref. [36] . Subsequently, a guiding field of approximately 3.5 Gauss along the vertical direction pointing downwards was switched on to define the quantization axis z, and the atoms in the ODT were optically pumped into the |5s 1/2 , F = 2, m F = 2 (|g ) state. At this stage, the atomic cloud had a temperature in the range 20 to 40 µK. The atomic cloud was then released for a time of flight (TOF) before the spectroscopic measurement. By changing the ODT loading efficiency and/or the TOF duration, the peak atomic density of the ground state |g , n 0 , and the 1/e 2 radius of the cloud along the vertical direction, w z , could be varied independently in the ranges of 0.1−3×10 11 cm −3 and 15−80 µm, respectively. Shown in Fig. 1 are the schematics of the energy levels and the optical setup for Rydberg EIT, the details of which are similar to that in Ref. [36] . At each experimental cycle after TOF of the atomic cloud, the probe and coupling beams were turned on simultaneously for 15 µs during which an EMCCD camera was exposed to acquire the image of the probe beam transmitted through the atomic cloud via a diffraction limited optical system. To obtain an EIT transmission spectrum, a set of images of the transmitted probe light were taken while varying the probe beam detuning ∆ p from shot to shot to scan through the resonance of the |g ↔ |e transition but fixing the coupling beam frequency to be on resonance with the |e ↔ |r transition. The probe transmission (I/I 0 ) was extracted by taking the ratio between the probe intensity I passing through the center of the coupling beam (with Rabi frequency Ω c0 ) and that of the incoming probe beam without atomic cloud (I 0 ), and plotted vs. ∆ p to get the transmission spectra in Fig. 2 .
III. RESULTS AND DISCUSSION
In EIT of a non-interacting gas, the linear susceptibility for the probe light at the first order is given by [1] 
where λ is the wavelength of the probe transition, σ 0 = 3λ 2 /2π is the resonant cross-section of the probe transition, Γ e = 2π × 6.067 MHz is the decay rate of intermediate state |e , ∆ p and ∆ c are the detunings of the probe and coupling lights, and finally γ ge ≈ Γ e /2 and γ gr are the decay rates of atomic coherences. As the atomic sample in this experiment is rather thin along the beam propagation direction z, lensing can be neglected [36] , and the spatial dependent terms in Eq. (1) are reduced to a constant Ω c0 and one-dimensional functions χ (1) (z) and n at (z). As the incoming probe light of Rabi frequency Ω p0 propagates through the atomic sample, the solution of the one-dimensional Maxwell's equation
where k is the wavenumber of the probe light k = 2π/λ and OD corresponds to the optical density of the atomic cloud at the first order.
In an interacting Rydberg gas, the single-atom Rydberg energy level is shifted by the strong interaction, which for ns state in our experiment is the repulsive van der Waals interaction V (r) = −C 6 /r 6 , where the strength coefficient C 6 scales as n 11 [37] . One of the most important consequences of this energy level shift is the blockade effect that allows only one Rydberg excitation among many atoms within a sphere of radius R B . The interaction induced level shift and excitation blockade greatly modify the susceptibility of the EIT ensemble. The linear susceptibility in Eq. (1) is now changed to a nonlocal nonlinear susceptibility, which in principle is given by the solution of a full master equation of the interacting many-body system, and this change is reflected in the EIT transmission spectra. In a simple and intuitive physical picture, the shifted Rydberg energy level detunes the transparency away from that of the non-interacting EIT resonance, and the blockade effect results in scattering around each blockaded sphere, which gives rise to additional decoherence compared to that of the single-atom EIT. The resulting spectral shift and attenuation of the transparency peak depend on the interaction strength C 6 , the density of blockaded spheres (Rydberg excitations) n Ryd , and the number of atoms inside each blockaded sphere N B . 11 cm −3 , wz = 21 µm, and Ωp0/2π = 1.45 MHz with different Rydberg states, 27s ( ), 33s (•), 38s ( ) and 43s ( ), respectively. The uncertainties for the experimental parameters are less than 10% for n0 and wz, and less than 3% for Ωc0 and Ωp0. Each spectrum is an average of 3 or more scans. In (a), the dashed lines correspond to fittings of experimental data to Eq. (2), whereas the solid lines are generated by the theoretical model with the corresponding experimental parameters as inputs (see text). In (c) the solid line is the two-level absorption curve of the probe light in the absence of the coupling light.
A set of values around the middle of our experimental parameter range, ns = 38s, n 0 = 2.1 × 10 11 cm −3 , Ω c0 /2π = 5.6 MHz, Ω p0 /2π = 1.45 MHz, ∆ p = 0, gives the blockade radius R B = (−2C 6 /γ EIT ) 1/6 = 2.4 µm, the atom number per unit blockaded sphere N B = n 0 × 4πR 3 B /3 = 5, and the Rydberg atom density n Ryd = n 0 ×f R = 1.05×10
10 cm −3 , where γ EIT = Ω 2 c0 /Γ e is the on resonance single atom EIT linewidth [9] and f R is the Rydberg excitation fraction. This indicates that the Rydberg EIT system in our experiment goes into the blockade regime of this interacting many-body system. In the three sets of transmission spectra in Fig. 2 , there is an increasing blue shift of transparency away from the single atom EIT resonance (∆ p = 0) as well as an increasing width and reduced height of the transparency, when the ground state atomic density n 0 , the incoming probe Rabi frequency Ω p0 , or the principal quantum number n are increased. (5) with nat = n0 and Ωp = Ωp0. For these measurements done in the thin atomic samples, this simple expression of ∆R seems to agree well with the observed shift, while √ ϑR only gives a good account of the experimental data at very small dephasing rates.
In order to quantify the spectral shift V R and the attenuation of the transparency peak, we fit the experimental EIT transmission spectra to Eq. (2) with ∆ c , γ gr and OD as the fitting parameters. While experimentally the coupling light frequency is always on the resonance of the single-atom transition |e ↔ |r , ∆ c is set to be a fitting parameter to account for the shift V R = −∆ c due to Rydberg interactions. The effective dephasing rate γ R = γ gr is also set to be a fitting parameter, and it accounts mostly for a reduction of the transparency peak with exponential dependence in conditions of relatively large Ω c [1] . The effective dephasing with rate γ R includes the decay of atomic coherence for the single-atom Rydberg EIT, which has a rate of γ 0 ≈ 2π × 100 kHz in our experiment [36] , the effect of the photon blockade, and other dephasing processes, such as the dephasing inherent to the dispersion of the shifted Rydberg energy levels due to interaction. The result of the fits captures essentially all the features of the spectra, as illustrated in Fig. 2 (a) with a couple sample fittings. As shown in Fig. 3 , the extracted shift V R = −∆ c and dephasing rate γ R = γ gr are increasing with n 0 , Ω p0 , and n, and their amplitudes are of the same order.
In order to get a deeper insight on the different contributions to the effective dephasing rate, we simulate our experimental transmission spectra with an approximate nonlinear susceptibility χ [27, 33] ,
where f R (N B − 1) is the fraction of atoms inside the blockaded spheres excluding Rydberg atoms and every physical quantity in the equation is a function of z. The first term is proportional to the average three-level susceptibility of atoms inside the blockaded spheres χ B = 1 VB RB 0 4πr 2 χ ∆ c = C 6 /r 6 , γ gr = γ 0 dr. In this integral and as detailed in Appendix A, χ ∆ c = C 6 /r 6 , γ gr = γ 0 is the three-level atom susceptibility calculated from the steady state solution ̺ of the single atom master equation, computed at fourth order in Ω p for ∆ c = C 6 /r 6 and γ gr = γ 0 . The blockade radius R B is defined as the distance at which ̺ rr (∆ c = C 6 /R B is the volume of the blockaded sphere. Because of the very large interaction with the Rydberg atom at the center of the blockade sphere, χ B is nearly equal to the twolevel atom susceptibility χ(∆ c = −∞, γ gr = γ 0 ), and therefore attributes mostly to photon blockade. χ E in the second term of Eq. (3) is the susceptibility of unblockaded atoms (including Rydberg excitations themselves) more than R B distance from any (other) Rydberg excitations. Since the unblockaded atoms could be excited to interact with other Rydberg excitations, χ E = χ ∆ c = −∆ R , γ gr = √ ϑ R + γ 0 is the susceptibility of three-level Rydberg EIT with the shifted energy level, where ∆ R accounts for the average energy level shift due to interactions with surrounding Rydberg atoms, while √ ϑ R accounts for the standard deviation of the level shift from the mean value ∆ R .
1 ∆ R and √ ϑ R are evaluated with a simple mean-field approach [25, 26] , where the average shift felt by an atom i is the sum over the interactions with all Rydberg excitations j outside a sphere of radius R B , ∆ R ≈ j −C6 R 6 ij , and the variance 1 We assume that the bandwidth of energy level shifts is of the order of 2 √ ϑ R . The effect of this bandwidth is simulated with a dephasing term ∼ √ ϑ R in χ E , following an approach very similar to that used in optical Bloch equations for the treatment of non-zero laser linewidths [38] , although here the bandwidth of the distribution of energy level shifts is not strictly speaking of Lorentzian type.
of this average shift is given by
At each spatial position z, ∆ R and ϑ R are calculated 2 by replacing the sum with an integral and using the local density approximation (LDA) for n at (z) and Ω p (z), which yields:
and
r 12 4πr 2 dr = 4πC
Here the excitation fraction f R in the blockade regime is given in good approximation by f R = f0 1−f0+f0natVB [32, 33] , where f 0 = ̺ rr (∆ c = 0) is the Rydberg population fraction of the non-interacting Rydberg EIT.
The simulated EIT spectra are produced by numerically solving the Maxwell's equation with the approximate susceptibility in Eq. (3) and the experimental parameters as inputs, without any fitting parameter. They agree reasonably well with the experimental spectra, as shown by the samples in Fig. 2 (a) . The shift V R and dephasing rate γ R of these simulated spectra are extracted by fitting to Eq. (2) as in the case of experimental spectra, and plotted along with the experimental results in Fig. 3 . The spectral shifts are definitely well captured by our model, and the dephasing rates deviate only at large n 0 , Ω p0 , or n. To further investigate the additional dephasing rates that are not included in our model, we perform spectroscopic measurements with different EIT pulse durations for two principal quantum numbers, as shown in Fig. 4 . The dephasing rate becomes larger with increasing pulse duration, while the spectral shift remains the same. More measurements show that the time-dependent dephasing effect only becomes important at large parameter regimes, where our model deviates from the experimental data. One potential explanation is the presence of motional dephasing in our system, which could come from thermal motion of ground state atoms, photon recoil motion, and most likely dipole force induced motion [39] . An important experimental observation is that the spectral shift is smaller for a Gaussian atomic sample with larger size than for a smaller size one, while both have the same peak atomic density, as shown in Fig. 5 . This reduction in the observed shift can be explained by the inhomogeneity of the EIT ensemble together with the dependence shown in Fig. 3 . As the probe light enters the atomic sample, it first sees the lower atomic density at the wing part of the Gaussian density profile; and when the light reaches the center of the sample with the high atomic density, its intensity has already been attenuated due to scattering along its way. Given the similar peak atomic density, this effect of inhomogeneity in a thicker atomic sample obviously is more pronounced than that in a thinner one, and correspondingly results in smaller spectral shift.
IV. CONCLUSION
In conclusion, we have measured the spectral shift and dephasing rate of Rydberg EIT and clearly mapped out their dependence on density, probe Rabi frequency, and Rydberg principal quantum number. While the spectral shifts agree very well with theoretical predictions obtained in the frozen gas approximation over the whole parameter range, the dephasing rates are consistently larger than predicted at high Rydberg excitation or large blockade. This discrepancy is likely due to motional dephasing and invites further investigations. Furthermore, we demonstrate that the observed spectral shift also depends on the size of the Gaussian atomic sample. This clear observation of spectral shift raises the prospect to realize interaction induced optical switches, and these spectroscopic measurements are highly relevant for imaging Rydberg excitations via IEAI based on Rydberg EIT. Moreover, it would be interesting to extend our experiment into the parameter regime, where collective excitations could give a Rydberg excitation fraction higher than that of a noninteracting Rydberg gas [40] . and L̺ ≈ − Γ e 2 (|e e|̺ + ̺|e e| − 2|g e|̺|e g|)
− γ gr (|g g|̺|r r| + |r r|̺|g g|) .
Here, ∆ p and ∆ r = ∆ p + ∆ c are the probe and the twophoton detunings, respectively. The decay rate of state |e is denoted as Γ e , while the decay rate of state |r is neglected. The atomic coherences ̺ gr and ̺ rg decay with a rate γ gr which accounts for the sum of various dephasing processes, and is of the order of γ 0 /2π = 0.1 MHz in absence of interactions [36] . The decay rates of other atomic coherences are assumed to be equal to Γ e /2, i. e. they are predominantly determined by dissipation and additional dephasing rates are neglected in comparison.
